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AiALYSIS OF STrUCTF:AL !i;I, ::O':TPtCTLTPAL

FLOO COiTROL PASIIPS

'SIN'r COP'PUTHR PhAlfl A; i11 C-',d

by WIilliam I. Jol:nson and Darryl I. 'Uavis

IATOI'LCTIO;:

This training document is intended to illustrate how a variety of

structural and nonstructural flood control rmeasures can be analyzed usinq;

computer program HEC-5C, "Simulation of Flood Control and Conservation

System." Originally developed in 1973 by Eill S. Eichert, the provram

has undergone several significant changes to Piake it a rre useful tool

in the formulation and assessment of flood control systems. A najor

addition was the development, by Darryl Davis and Harold Kuhik, of an

economic routine to cornpute average annual dairages at specified daplage

centers within the system. This in turn leads to damges reduced or

inundation reduction benefits. Its full computational capabilities are

described in references 1 and 2.

This document is divided into three parts and illustrates how this

model can be used in planning to formulate and assess alternative systems

of both structural and nonstructural measures. The first part is a dis-

cussion of some basic principles of flood control planning; part II illus-

trates the application of many of the principles described in part I; the

third part contains supportive computer output developed as part of the

application in part II.
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PART I

FLOOD CONTROL AND I)A'IAGE REDICTION

A variety of flood plain management measures are available to reduce

flood damage. Their primary purpose is to protect damageable property,

both existing and future, and they do this in one of two ways. Either

they are designed to control the hydrology, that is, the magnitude or

frequency of flooding, or they are designed to reduce the susceptibility

of property to damage. The tabulation below shows typical measures of

each type (see also reference 5).

Flood Plain Managenent Measures

Those Designed to Reduce
Those Designed to the Susceptibility of Property

Control the Hydrology to Damage

Reservoirs Flood Proofing

Levee or Floodwall Relocation

Channel Modification Flood '!arni ng

D1version

Flood Forecasting

4easures designed to alter the hydrology, either locally or throuqh-

out a system, can alter various hydrologic relationships which exist at

specific locations. Similarly, measures designed to modify the suscepti-

bility of property to damage can, throuqh the protection they provide,

alter economic relationships which exist. ?ecause both hydrologic and

economic relationships are used to compute the magnitude of damage
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caused by inundation, it is important to understand what these relation-

ships are, and how they can be altered by the various measures.

Hydrologic and Economic Relationships

Stage-Discharge Relationship (Figure 1)

This is a basic hydraulic function which has many uses in water resources

engineering. In river channels or flood plains it expresses, for a specific

location, the fact that under most conditions, as the river stage increases,

the river discharge increases.

Stage-Damage Relationship (Figure 3)

This is the economic counterpart to the stage-discharge function and

represents, at a specific location, the magnitude of dollar damages which

may occur in a river reach, at a given river stage. Usually the damages

represent an aggregate of damages which occur some distance upstream and

downstream from the specified location.

Discharge-Damage Relationship (Figure 4)

Stage is a common parameter to both the stage-discharge and stage-

damage functions and as such may be used to develop a function relating

discharge to damage.

Discharge-Frequency Relationship (Figure 2)

Using historic streamflow records, the exceedance frequency of

various magnitudes of annual peak flow can be estimated using statistical

techniques. Because exceedance frequency expresses the frequency with

which certain events occur over time it is used for computing damages

3



on an average annual basis, and for determining the degree of protection

and risk of various measures. It is developed for a specific location

in the system.

Damage-Frequency Relationship (Figure 5)

The common parameter in both the discharge-damage and discharge-

frequency relationships is river discharge. By selecting a range of

discharges a function relatinq damages to exceedance frequency can be

developed. The integration of this function, that is, determining the

area beneath a graphical representation of the function, is the expected

annual damages at that location. 'hen various measures are considered

in planning the reduction in damages is neasured as the difference

between the expected annual damages without the measures (existing condi-

tions) and the expected annual damages with the flood control measures

in place (modified conditions). Any chanqes which occur in the stage-

discharge, stage-damage, or discharge-frequency relationships will be

reflected in the damage-frequency function, and therefore in the magnitude

of the expected damage reduction.

Generally, from a national viewpoint, the economic benefits of imple-

menting flood control measures are the economic contributions which result

fron improving the net productivity of flood-prone land. This improvement

may come about by reducing damages to the land under its present and

anticipated future use, by allowing for more intensive use, and by

attracting new uses. Detailed principles and procedures for computing

these benefits are discussed In reference 4. The hydrologic and economic
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relationships discussed previously are used to com~pute danage reduction which

is the econo ric benefit resulting frotni preventinn inunlition. Throu h out this

document economic benefit refers to tho :ranage reduction benefit.

Effects of Flood Control Measures

Reservoirs

The function of a flood control reservoir is to store flood waters

during storm periods and release them during periods of lower flow.

Because the flow of the stream upon which the reservoir is located is

interrupted, the flood frequency at all locations downstream can be

altered, that is, the magnitude of flow can be reduced for a given fre-

quency of event. The magnitude of this flow reduction may be small or

large depending upon the size of the reservoir, the magnitude and center-

ing of the storm, and the location of the reservoir in relation to the

downstream point. Upstream from the reservoir, the streamflow remains

unaltered except for any backwater effect which may exist where the

stream enters the reservoir pool. A discharqe-exceedance frequency

relationship at a point immediately downstream would be altered to reflect

lower flows for a given exceedance frequency, or alternately for a given

magnitude of flow the occurrence is less frequent. This is the direct

hydrologic effect of controlling the flow. The economic effect is a

reduction in expected annual flood damages brought about by a lessening

of the expected magnitude and frequency of floodinq.
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Because reservoirs can be operated to nake releases at desired

times, locaticns and in desired amounts their effect can extend beyond

inmedlate downstream points to other locations in the system. This

influence. or system effect, can take many forms, for example,

Timing - the timing of flood peaks at a particular location

can be affected with reservoir regulation. Peaks may be

made to occur before, after or coincident Jepending upon

operating criteria.

Location - Reservoirs in a system usually operate to reduce

flooding at one or more locations. When one location is

removed, by providing flood control through some other

measure, for example, relocation, it allows the reservoir

to operate more effectively for those locations remaining.

agnitude - The magnitude of flow released from one reservoir

in a system influences how much is released from the others

and can therefore influence the flood storage remaining.

Levees and Floodwalls

Levees and floodwalls are designed to prevent flnodinq in areas

adjacent to a river or flood plain. They provide a direct neans of

flood protection in that they can be located where needej and can act

to confine flood waters to the channel up to the design discharge. In

cases where the levee or flnodwall prevents flood flows from occupying

areas in te flood plain or channel that normally would be occupied, the

river stage will be higher for a given flow. This is caus2d by a

6



reduction in cross-sectional area available to carry the flood flow.

)-ownstream, higher flood peaks can occur because valuable flood plain

storage was eliminated upstream increasing the concentration of runoff.

So while levees and floodwalls have the local effect of increasing the

height of the channel's sides and reducing flooding at that location,

they can, at the same, have the system effect of increasing flooding

downstream.

These changes can alter the hydrologic and economic relationships

which exist at a given location by raising the stage-discharge function

(assuming less cross-sectional area for a given flow) and by truncating

the lower portion of the stage-damage function (assuming no damages will

occur below the top uf the levee or floodwall). If the reduction in flood

plain storage is substantial this could alter the discharge-frequency

function downstream, much in the way redicing t~c storaoe in a small

unre'jla*-d reservoir .;o,.-!. The raaniqde of th.s ciannes de-ep~s "n

the specific circur stances.

Channel lodi fications

Channel modifications are usually designed to increase the carryinn

capacity of a reach of river. This is often accomplished by increasing

the cross-sectional flow area by enlarging the channel; decreasing surface

roughness by clearing and snagging or lininq the channel; and reducinq

the energy loss by straightening a channel reach. All of these actions

are aimed at passing flows more efficiently, that is, the conveyance area

is reduced and velocity increased, resulting in a lowering of river stage

7
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for a qiven flow, and therefore altering the stage-discharge function.

Downstream from the channel modification the magnitude of flow may be

greater than without the modification, that is, the magnitude of flow

may increase for a given exceedance frequency event. This occurs because

the lowering of stage upstream causes less water to be stored in the

channel, thus the attenuation effect is less, which again is analogous

to the storage effect of reservoirs - less storage, less attenuation.

Actual magnitudes of change depend upon the modification and length of

river reach.

Diversion

A flow diversion is intended to take water out of the river during

high stages and divert it away from the main channel. This has the imme-

diate effect of reducing the amount of flow at all locations below the

diversion either by decreasing the magnitude of flow or altering the timing

in the case of return flow. At all points below the diversion, the

discharge-frequency function will be altered - usually lowered - except

where return flow coincides with peak flow in the main channel in which

case the total channel flow could be hiqher than without the diversion.

Therefore, two factors - magnitude of diversion and timing of return flow -

can influence the manner in which the discharge frequency function is

altered.

Flood Forecasting

Knowing in advance where and how much runoff will occur allows flood

control measures, such as reservoirs and diversions, to be operated in a

U



manner such that flows are better controlled at critical damage centers,

resulting hopefully, in lower damaqes than without forecasting. !'nowinq

what flows to expect 12, 13, 24 hours in advancm is better than taking

them as they come. ,nov.,ledqe of future flood events usually comes from

a real-time flood forecasting network wihich includes rainfall and stream-

flow measurinq equipment located throuqhout the basin with data fed into a

central control which forecasts estimates of r'inoff and regulates reser-

voirs and diversions to minimize flood danaqe loamstream. In terns of

the hydrologic functions, the regulated discharqe-frequency relationship

downstream froml reservoirs and diversions may he nodified in that informa-

tion which alters the operating decisions may result in different magnitudes

of flow downstream. There would be no change in the stage-damane function.

Flood Proofing

As the name implies flood proofing is the protection of damageable

property from flood waters. This usually means protectinq individual

structures and its contents. A variety of construction methods aTnd

materials are available to provide this protection, their use beinq

determined by the type, location and susceptibility to dartage of struc-

ture and contents. 9hen protection is provided and a structurp or qroup

of structures are 'flood proofed' the relationship between stage and

damages is modified since it is expected that less damage will occur

for a given stage, up to the elevation of flood proofing. liow this

function will look will depend upon the type and extent of flood proofing.

The hydrology will remain unchanged unless the flood proofing measures

9



result in a significant change to the flow area. In the context of

system operation the existence of flood proofing lessens the need for

control at that location, thus operation can be focused on other locations

with higher damage potential.

Relocation

From the standpoint of strictly preventing flood damage, relocation

can be completely effective if the structures are moved to a location free

of potential flood damages. By removing damageable property from areas

susceptible to floods there is no need for control or protection and no

damage occurs. Unfortunately, this is not always a feasible alternative,

however, It does play an important role as an alternative in some cases.

The effect of relocation is to modify the stage-damage function by removing

damageable property. If all damageable property is removed there would be

no expected damages, if only a portion of the damages were removed the

function would be modified accordingly.

Flood Warning

A reasonable advance warning can allow temporary measures to be imple-

mented to protect or remove damageable property. For example, the evacua-

tion of movable property or the raising or sandbagging of property which

must remain. Flood warning is a combination of flood proofing and evacua-

tion, and while it is not as dependable as the permanent measures it can

help to reduce potential damages. Only the economic functions are altered

as described in the sections on flood proofing and evacuation.

10
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Summary

A summary of the direct effects of all the measures on each of

the hydrologic and economic relationships are shown below. Each relation-

ship is assumed to be at or downstream of the respective measure, for

example, for a reservoir the direct effect Is downstream, for a levee it

is at the site.

Direct Effects of Flood Plain Management Measures
on Hydrologic and Economic Relationships

Hydrologic and Economic Relationships
(at or downstream from the measure for existng
conditions) NC - No Change N - Modified

Stage- 1, Stage-2  Discharge- Discharge3  Damage
Measure dischar'gJe !a damage frequency:* Frequency

Reservoir NC NC NC M M

Levee or Foodwall M N M NC M

Channel Modification M NC M NC M

Diversion NC NC NC N M

Flood Forecasting NC NC NC M N

Flood Proofing NC N M NC N

Relocation NC M M NC N

Flood Warling NC M M NC M

/ Where a reservoir or diversion significantly modifies the channel
fow, deposition or erosion of channel material could alter the channel
cross-section and thus the stage-discharge relationship. Also, remval
or placement of damageable property in the floodplain could result in
modifying the function.

?_ Along river reaches which have no floodplain regulation measures,
such as a reservoir, could induce development onto the floodplain thus
increasing the amount of damageable property and altering the stage-damage

11



fiunction.

2/ Levees or channel modifications which reduce channel storage will
probably not have an appreciable effect on the discharge-frequency
relationships at their location, but could alter this relationship



SYSTEI FOR-ULATIOrI

The major problem of system formulation is determining what combina-

tion of measures will produce the 'best' system. Three pieces of informa-

tion can be useful in answering this question. First, information which

provides an understanding of what each measure can do and under what

conditions it is effective. This subject was discussed in the previous

section. Second, a strategy for formulation - a rational, systematic

approach which is likely to yield a 'better' system than if the approach

were not followed. Third, a means to assess the overall performance of

each system so that a 'best' system can be selected. Forvulation strategies

will be discussed below and the subject of system performance in the section

which follows.

Formulation Strategies

At the plan formulation stage a variety of information is available

both about the problem, the capability of measures to reduce or eliminate

the problem, about public preferences, institutional guidance, and cost

sharing capability. This is all important information and will influence

not only the formulation of alternative plans, but their selection. HoVe

to utilize this information in a rational, systematic manner is the question

to which formulation strategies hope to provide answers. A variety of

approaches have been used in the past. These are identified and discussed

in reference 3. The discussion which follows will utilize the mathematical

model approach as a means to formulate alternatives to achieve the national

economic development objetive. Specifically, this means using simulation

12
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,odel IEC-SC to develop systems which maximize net economic benefits,

the traditional surrogate criterion for national economic development(6).

Although there are other approaches which do not use mathematical models

for formulation, models are still useful for assessing a system's per-

formance and HEC-5C has the capability of analyzing a system's hydrologic

and economic performance regardless of the strategy used to develop the

system.

The principle of maximization of net economic benefits is applied

by computing for each system or measure the flood damaqes and costs Isith

and without the measure. The economic benefit derived from inundation

reduction is the difference in damages with and without the measure.

The difference between the benefits and costs is the net economic benefit.

The objective of a strategy using this principle is to identify the system

of measures which maximizes the net economic benefit. Two strategies

useful for achieving this objective are discussed below:

First Added Strategy

Given an existing system and an array of flood control measures

which are to be considered as possible additions to the existing system

this strategy proceeds as follows:

" Compute the expected annual damages for the existing system.

" Add one of the flood control measures to the existing system
and compute the expected annual damages.

0 Subtract the expected annual damages with and without the
flood control measure. (This difference represents the
expected benefits of implementing the flood control measure.)

13



• Subtract the cost of the measure from the expected benefits,
this difference is the net benefit.

* Remove the measure being considered from the existing system,
add another measure to the existing system and repeat the
computations. This procedure is repeated until all the
measures being considered have been added individually to
the existing system and their net benefits computed.

" That measure which provides the greatest net benefits
(greatest positive value) is selected for inclusion in
the existing system. This new system becomes the base
system and the process is repeated by adding each measure
one at a time, computing net benefits and selecting the
next measure to be added. When no measures yield positive
net benefits that is the system with maximum net benefits.

Table I contains information adapted from a recent study and illustrates

this strateqy. Flood control measures A-J are propoied for inclusion

within the system. Measures A, C, and E have already been implemented.

Stage 1 represents the 'first added' value of proposed measures. The

incremental value (net benefits added) by measure F is the largest so

it is selected for inclusion in the system. Stage 2 represents the

'first added' value of the measures with the base system now comprised

of measures A, C, E, and F. 'lote that many of the values change because

of system effects. Measure J is selected for addition to the system.

The remainder of the table contains the analysis through to completion.

14



TALE 1

FIRST ADDED FORMUILATIO4 STRATEGY

First Added Value ($1000 per year)Y Formulated

leasure Stage 1 Stage 2 Stage 3 Stage 4 System

.A* - ----- A
4- 23 -2 -

C* C

D 16 16 1** --

E* ..... E

F 35** -.... F

G -1! 0 0 )

6 -12 -12 -15

I -2 -2 -2 -2

J 15 13" .... J

I/First added value is system net benefits with the neasure added minus
system net benefits without the measure added.

* Signifies existing systri

**Signifies system addition

The narme 'first added' is derived from the fact that each masure

is considered as being the only or 'first' measure added to the existing

or base system. The objective of this strategy is to ilentify that measure

which will be the most hell) in reducing flood damages, add it to the exist-

ing system then seek out the next nost effective measure and so on. Feing

able to Identify the most effective measures is the advantage of this

strategy. Unfortunately this is only a partial advantage. As measures

are added the base system changes and a different base system may yield
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different expected annual damages. For exanple, in Table 1 suppose that

at stage 1 measure B was added instead of F, this would change the net

benefits of all measures at stage 2 and perhaps D instead of J would

yield the higher value. One night argue that it's improper to select

B over F since F is a more effective measure. This would be correct if

only one measure or a given level of danage reduction were sought, but

as long as the sole criterion is maximization of net benefits it's the

final system which is sought not the method by which one gets there. If

by adding B before F in the strategy the final system included measures I

and yielded more benefits then it would be a better system. The point is

that one cannot be sure that by formulating a system using the 'first

added' strategy the system with the maximum net benefits will result -

there will always linger the feeling that there may be another conbination

of measures that may be better. In practice this problem may be more

imaginary than real.

Last Added Strategy

As one might surmise from the name, this strategy considers all pro-

posed measures added to the existing system and removes then individually

one at a time, hence the name 'last added'. The procedure is as follows:

- Add to the existing system all proposed measures and compute
the expected annual damages.

• Remove one of the measures from the system and compute the
expected annual damages.

- Compute the difference in expected annual damages with and
without the measure. This is the expected annual benefit
of implementing the measure, i.e., adding it to the system.
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" Subtract the cost of the measure from the expected benefits,
this difference is the net benefits of adding the measure.

* Add the measure back into the system and remove another measure
and repeat the computations. This procedure is repeated until
all measures have been removed Individually from the system
and their net benefits computed.

" That measure which provides the least net benefits (greatest
negative value) is removed permanently from the system. This
new system becomes the base system and the process is repeated
by subtracting each measure one at a tine, computing net
benefits, and selecting the next measure to be deleted. When
all measures exhibit positive net benefits that is the system
with the maximum net benefits by this strategy.

Table 2 contains Information adapted from a recent study and illustrates

the strategy. Flood control measures K through T are candidates for

inclusion within a system. "easures L, P, and R have already been

implemented. Stage I represents the 'last added' value of the

measures. The incremental value (net benefits) lost by adding measure

Q in the last position is the greatest (-3.0) so it is selected for dele-

tion from the system. Stage 2 represents the 'last added' value of each

measure with the base system now excluding component Q. dote that a

number of the values have changed because of system effects. Measure K

is selected for deletion. The remainder of the table contains the

analysis through to completion.
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TAqLE 2

LAST A )DED FOJIULATIO': STRATEGY

Last Added Value (SlOOo per year)y
Formulated

,leasure Stage 1 Stage 2 Stage 3 Stage 4 Syste .

K -20 -10 '  ....

S10 0 -4*--

6 6 6 8 1
) 3 30 3 12 o
p* ..... P

Q -30*....

R* ... R

S 0 -6 12 10 S
T -2 0 0 2 T

-Last added value is system net benefits with the measure in the system

minus system net benefits without the measure added.

* Siqnifies existinq system.

**System neasure that is dropped.

The 'last added' differs from the 'first added' strategy by the

base system which is used to build upon and by its basic objective.

The 'last added' begins with the existing system plus all proposed measures;

the *first added' begins with the existing system. Cecause each strateny

will result in the formulation of different combinations of measures

each strategy could arrive at a different system. However, as was

mentioned in connection with the 'first added' strategy the realities

of using other information and approaches in formulation, and the
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gap betts en authorization and appropriation may minimize any significant

differences. The 'last added' strategy does, however, introduce some

complexities to the analysis where more than one measure at a location

affects the same hydrologic or economic relationship. In this situation

caution must be exercised to insure that the proper hydrologic and economic

relationships are used. For example, a levee project has associated with

it a particular stage-discharge relationship. Siniilary, a channel modi-

fication project creates a unique stage-discharge relationship. When

both are considered as alternative measures at the same location it would

be necessary to develop a combined stage-discharge function when both are

included in the 'last added' strategy. When one measure is removed the

combined function would he replaced by the function for the measure

remaining. A similar problem develops when considering flood proofing

and relocation as alternative measures. If both are added to the system,

as would be required for the 'last added' strategy, one may be redundant.

For example, if all damageable property were removed there would be no

need to flood proof. If, hot.ever, only a few structures were relocated

and the remainder flood proofed both measures could be included provided

a conbined stage-damage function were developed. Combining relationships

and avoiding redundant measures is not necessary when using the 'first

added' strategy since each measure comes into the system one at a time.

While the objective of the 'first added' is to find the most effec-

tive measure to add, the objective of 'last added' is to find the least

effective measure to delete. A reasonable strateqy combining the two is
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to apply the first and last added strategies through sufficient stages

to identify those components that are obviously qood, and to screen out

those that are obviously inferior and zero in on the system to be selected

by analyzing logical combinations of the reminder.

ASSESSMEFIT OF SYSTE" PERFORMA4HCE

Once alternative flood control systems have been formulated their

perforiance should be assessed as the next step towards evaluation and

selection. Assessment means an impartial, objective, factual display

of the system performance. System performance refers to how a system

functions. Whether this behavior is good or had depends upon how it is

supposed to function, and this in turn depends upon the pitrpose for

which it was designed. The purpose of a flood control systen is to

reduce flood damages and its performance is measured by the extent to

which this purpose is achieved and the manner by which it is achieved.

Several measures of performance are described below and surarized on

page 26.

Uegree of Protection and Risk

Degree of protection is a measure of the hydrologic effectiveness

of a system, expressed as the exceedance interval of the event that can

be controlled to nondamaging flows. For example, 50-year protection means

that, at a specific location, the peak flow of a flood with an exceedance

interval of 50 years is not expected to exceed the nondamaging channel

capacity at that location. Theoretically the flood peak and nondamaging
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channel capacity are just equal; thus a flood with an exceedance interval

of 51 years would exceed the nondanaging flow. It is important to recognize

that degree of protection is associated with a specific location and

discharge-frequency relationship. It is tied to location in the sense

that it measures the protection at a particular damage center provided

by measures either at that location or at other locations in the basin.

It depends upon the discharge-frequency relationship because it is from

this relationship that the exceedance interval is determined; and the

frequency relationship itself is developed for a specific location.

Often the procedure for developing the modified function is to

select hydrologic events with peak flows over the range covered by the

unregulated frequency curve. The system's response to each event is

then simulated and the resulting modified peak flow determined. Assuming

the same exceedance frequency as the unregulated flow the regulated flow

is then plotted to produce a modified frequency curve. Centering an

event where a particular flood control measure will be effective in

reducing peak flow will produce a different modified curve than if the

centering were in a part of the basin where the measure could not he

effective. Thereforecare must be exercised when selecting the events

to be simulated so the relationship is as unbiased as possible. This is

more a problem for large basins where the geographic differences between

centerings can be large, than for small basins ihere there is less latitude

for centering. Once a nodified discharge-frequency relationship is

developed the degree of protection is determined by findinq the exceedance
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interval for the nondamaging flow. The degree of protection for unregulated

or existing conditions can be determined in the same manner using the appro-

priate frequency relationship.

Risk is defined as, "the probability that one or more events will

exceed a given flood magnitude within a specified period of years." How

does this differ from exceedance frequency and degree of protection? Both

exceedance frequency and degree of protection, in their normal usage

reflect the probability of an event being exceeded during any one year.

Risk on the other hand usually refers to a probability not in any one

year, but in some other specified time period. For example, to say a

location has a 100-year level of protection is also to say that there is

a 1; (1/100 year) chance that a flood will exceed that given level of

protection during the next year. Or, put another way, there is a 1.

risk. However, if instead of any one year we want to know the risk or

percent chance of exceedance during the next 30 or 50 years, these values

are 250 and 40%, respectively (see the data on next page). The graph on

page 2 shows in graphical form the percent risk of one or more flood

events being exceeded for a range of annual exceedance frequencies and

periods of time. Risk is important as a hydrologic effectiveness criterion

because it reflects the higher prohability associated with a period longer

than next year. And this is irportant because it conveys a more realistic

picture of probable future conditions.

22
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Estimated Risk*
Exceedance Frequency - 1,% Annually

risk (in Percent)
Period of Time One or lore

In Years Events

30 26
50 40
70 50

10O0 63

*From Appendix 10, "A Uniform Technique for Determining Flood Flow
Frequencies (Uraft)," U.S. 1.1ater Resources Council, 3 December 1974.

When assessing system performance using degree of protection or risk

criterion the effectiveness of alternative measures or systems is deter-

mined by comparing these criterion at each location with each measure.

While it is not likely that one degree of protection or one percent risk

can be assigned to the system as a whole, it is still useful to assess

effectiveness by looking at each location within a system. Used in this

way degree of protection and risk provide a useful hydrologic criterion

to complement the economic measures of performance.

Damage Reduction

Damage reduction is a measure of economic effectiveness, usually

expressed as the actual dollar value of the difference in expected annual

damages with and without proposed flood control measures or as a percentage

of the total expected annual damages. Expected annual damages are computed

as described previously and the reduction represents the flood control

benefit of the measure or system being considered. As a measure of

performance it tells how well a measure or group of measures is achieving
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its intended purpose, i.e., reducing damages caused by flooding. because

this reduction is expressed in average annual terms it is representative of

the averaqe damages likely to occur over a full range of hydrologic events.

Benefit-Cost Ratio

The most common measure of economic efficiency is the benefit-cost

ratio, that is,dollar benefits per unit cost. As a measure of system

perfoniance it represents the capability of a system or measure to achieve

its desired purpose (reduce flood darages) with a given amount of resources

(capital, O&, and replacement costs). It is computed by dividing the total

reduction in damages by the total cost of those measures required to achieve

that reduction. Unlike damage reduction alone the benefit-cost ratio

accounts for cost. This is important because it indicates how much must

be committed to obtain that level of economic performance.

!let Benefits

Another measure of economic performance is net benefits. Usually

expressed as average annual dollar benefits minus averaqe annual dollar

costs. In flood control planning it is an economic objective of formula-

tion to maximize the net benefits. Flood control measures are added as

long as each measure net benefits are positive, or alternately the

incremental benefit-cost ratio is positive. This insures a benefit-cost

ratio equal to or qreater than one (the minituai acceptable level of

efficiency). let benefits complement the other two economic perfornance

criteria, damage reduction and benefit-cost ratio; damage reduction beinq

25
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a measure of the expected reduction in economic loss, benefit-cost ratio

the measure of economic efficiency and net benefits the total dollar

contribution of the plan.

TABLE

Summary of
System Performance Criteria

Criteria Units Measures

Deqree of Protection exceedance hydrologic effectiveness
interval, years

SRisk percent chance hydrologic effectiveness

Janage Reduction average annual economic effectiveness
dollars

Benefit-Cost Ratio dollar benefits economic effectiveness
per dollar cost

'iet Benefits average annual economic effectiveness
dollars

26



REFERENCES

1. The Hydrologic Engineering Center, U.S. Army, Corps of Engineers,
"NEC-SC, Simulation of Flood Control and Conservation Systems,"
Users Manual, 14ovember 1974.

2. Eichert, Bill S., "INEC-SC, A Simulation lodel for System Formulation
and Evaluation" in Proceedings of a Seminar on Analytical Methods in
Plannin, The Hydrologic Engineering Center, U.S. Army, Corps of
Engineers, March 1974.

3. Johnson, William K., "Approaches for Developing Alternatives in
Planning," Water Resources Bulletin, American Water Resources Associa-
tion, Vol. 10, !io. 5, October 1974.

4. II.S. Amy, Corps of Engineers, Engineering Circular 1105-2-12, "Evalua-
tion of Economic Renefits for Flood Control and Related Water Resources
Planning," 28 June 1974.

5. Hagen, Vernon K., "Formulating Flood Control Capability of Water
Resource Projects," in Proceedings of a Setinar on Idrologic Aspects
of Project Planning, The Hydrologic Engineering Center, U.S. Army,
Corps of Engineers, t1arch 1974.

6. U.S. Army, Corps of Engineers, Engineering Pamphlet 1165-2-1, "Digest
of Water Resources Policies," January1975, page A-35.

27



PART I I

FALL RIVER: AtN EXAMPLE USIIG IIEC-5C

If it were desired simply to provide flood protection at a single

location and assess the performance of alternative measures, computer

simulation may not be necessary. But where many locations are involved

and these locations are interrelated such that what happens at one location

influences another, then computer simulation can make a significant con-

tribution to both formulation and assessment. IVEC-SC is a simulation

model which simulates the operation of flood control systems and can

accommodate all of the flood plain management measures discussed previously.

It has the capability to compute net benefit information for use with the

'first' and 'last added' formulation strategies. 9nce formulated, a

system's performance can be assessed using hydrologic and economic

information output by the model.

To illustrate the use of the program, the Fall River System shown

on the next page will be used. In its natural (unregulated) condition,

flooding caused extensive flood damages in the vicinity of control point

4. To reduce flood damages, two reservoirs have been constructed in the

basin at control points 1 and 3. Although they have been effective in

reducing damages, flooding still occurs and an array of measures are being

investigated to help reduce the remaining flood hazard. Each of these

systems - natural (unregulated), existing, and those with proposed measures

will be analyzed using HEC-5C. A brief discussion of the input data cards



required to model each condition and some of the output results are con-

tained in the text. Appendix I contains selected output.

,iatural (Unregulated) Condition

A major storm which occurred 5-10 June 1952 was selected from hydro-

logic records to be representative of major flood events. Local inflows

to the river resulting from this storm were computed at five control points

using unit hydrograph techniques. Table 1 summarizes the results in C-hour

time periods. Also, shotin In Table 1 are channel capacities and routing

criteria for the river systen. Figures 1 and 2 show the stage-discharge

and discharge-frequency relationships for control point 4, also developed

from hydrologic studies.

! 3

2 

Natural
Condition 5

3anage surveys in the vicinity of control point 4 were conducted in

1952 and have been updated periodically. A stage-darnage relationship for

control point 4 is shown in Figure 3. Expected annual damnaes

are computed by conbining the stage-damaqe and stane-discharge relation-

sips into a discharge-damage curv (Figure 4), combininq this with the

discharge-freauency curve to ohtain the damaqe-freius.ncy relationship
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(Figure 5) and then integrating under the curve. These data are pre-

sented in tabular form, in Table 2.

All necessary data to simulate the river system in its natural con-

dition has been developed. These data are arranned according to the input

format for IPEC-5C. Input data and the simulation output are shown in the

Appendix I, pages 2 through 15. Because of a requirement in the HEC-5

program that the control point furthest upstream he a reservoir, it is

necessary to put in a dummy reservoir at control points I and 3. Thus,

two sets of reservoir cards RL, RO, RS, and .In are included to represent

these reservoirs. Since they store no water, they have no effect on the

system.

Only the simulation results for flood number 2, ratio 1.0, are shown

in the output data. The other flood ratios .3, 1.5, 2.), 3.0 and 4.0 were

computed and printed out, but are not included to keep Appendix I brief.

Aesults of the simulation indicate that expected annual flood damages

for the base (natural) condition are S1,721,300 (Itppendix I, page 12).

Since there were no modificatlons, there is no reduction in damage and

all damages result from uncontrolled runoff. The maximum (C-hour averae)

flow occurring at control point 4 is 194,036 cfs (Appendix I, pane 9) for

flood 2. The nondamaging channel Cap acity is 35,9nn cfs. Fron the fre-

quency plot for control point 4 the exceedance interval for the non-

damaging flow is approximately 1 year.



Existing System (Reservoirs A and C)

The sketch below shows the Fall River system with flood control reser-

voirs located at control points 1 and 3. This is the system as it now

exists. To sinilate the system operation, infomation is needed about

reservoir storage levels, outlet capacity, and operating criteria. A

sumary of this information is tabulated in Table 3. Input cards J1,

J2, RI, RO, RS, RQ and I0 are used to carry the data required to describe

the two reservoirs. Appendix I, pages 1G through 29, shows both input

and output data under this condition.

C

A3 

2

4
Existing
System 5

,kddinq two reservoirs to the natural system results in regulating the

river floi below, the reservoirs. Local inflow, below the reservoirs,

however, still remains uncontrolled. A lTV. contingency allowance is made

for forecasting streamflow two time periods in advance. These data are

shown in fields 2 and 3 of the J? card. The effect of regulation on the

basic curves used to compute flood danages is to modify the discharge-

frequency curve at all downstream control points. This modified curve

is conputed internally in the program using results from several simula-

tions for a range of selected flood ratios. See Appendix I, page 27, for
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a printer plot of these data. The nondamaging flow is still 35,000. cfs,

and froii the nodified frequency plot the degree of protection is now

approximately 2 years.

Simulation results shott expected annual flood damages at control

point 4 of ';696,320 with the two reservoirs (Appendix 1, page 28). This

is a reduction in damages from natural conditions of ,1,r24,47n. Jncontrolled

local flow causes an expected $525.750 in annual damages. For flood 2 the

maximum flow occurring at control point 4 is 92,403 cfs (Appendix I, page 23).

This Is a substantial reduction (101,54.9 cfs) over unregulated conditions.

Reservoir C at C.P. 2

A reservoir is proposed for control point 2, shown below, as a means

to further reduce flood damages at control point 4. The storage, outlet

capacity, and operating criteria of Reservoir B, were obtained frnn nrelim-

itiary design studies and are tabulated in Table 4. The major effects of

Reservoir 9 are to control local runoff between control points 1 and 2, and

to store water above the capacity of Reservoir .4. This nodifies the

discharqe-frequency relationship at control point 4, and further reduces

flood damages.

A3

Reservoir B 4
Proposed

5
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To simulate the system vwith Reservoir P added, it is necessary to

input at control point 2 the reservoir information shown in Table 4.

This is done by using the RL, RO, RS, and RQ cards. The 1) card is

modified to indicate that a reservoir exists at control point 2. Since

any reduction in potential darages brought about by the reservoir riust

be computed as a reduction from damages anticipated under existing con-

ditions, the damages retaining with the existing system - 169C,320 - are

input using the )I card. Appendix I shows the specific input chlanges.

Tabulated on Table 5 are cost data for Reservoir B and other flood

control measures. These data are input using the R$ card for the capital

cost, and the CP card for the percentage of the capital cost estiiated

for operations and maintenance. The capital recovery factor is also

input using the CP card.

i'esults of the simulation show expected annual flood damages with

Reservoir 13 in place to be S214.550 (Appendix I, page 42). This is an

annual reduction of "482,270. Flood condition number 2 results in a

maxii.wuu average 6-hour flow of 34,000 cfs at control point (Appendix I,

page 36). The degree of protection with 'eservoir P is between

10 and 15 years as detenmined from the modified frequency relationship

at the nondamaging flow of 35,00n cfs.

Levee or Floodwall

Another alternative measure is to provide local protection in the

form of levees or floodwalls along tha nain river channel in the vicinity
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of control point 4. The pririary hydrologic effects of levees or floodwalls

is to increase nnn-danmaeing channel capacity by raising the channel sides,

and to alter the routing criteria in the vicinity of the modification.

This results in a change to the stage-discharqe, stage-damage, and

discharge-damage relationships at the control point.

3

C
A2

'4

Loe@.or7
Floodwall 5

In the simulation nodel, increased channel capacity is taken into account

by changing the naxiur..i value specified on tho CP card. The change to

tile stage-damage relationship may be handled in either of t'io ways. The

first is to specify a design discharge on the CS cardj corresponding to.

the maxiriun nondamaginq stage (Fieure F, and 7). "'o damages would be con-

puted beloui this value. The second approach is to input on the 7)C cards,

a nodified discharqe-danage relationship showin 7ero damages below the

nondariaging discharge (Fitgre 9). Takinn this latter approach, two sets

of discharqe-damaqe functions - one base conditinn, one modified condition -

are prepared as input. This is shown in Appendix 1, page 44. In this

example, the routinq criteria and stage-discharge relationship i.,ere not

modified to account for the change in river cross-section because it w(s

34
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assumed te levee or floodwall would not extend very far either upstrea,

or downstream of control point 4; hence, the hydrologic effect would be

small. If it were desired to change these functions it would Ihe neces-

sary to develop storage-outflow relationships for the reach, or based

upon experience with similar levee or floodwall measures, make an estimte

of what this new criteria might be. 'hether or not this would be worth-

wile depends upon the extent of the change and the level of detail desired

in the study.

The simulation results indicate expected annual danages were reduced

S441,10n (Appendix I, page 56) and that there will remain 1,255,020 in

daiiages. The maximum G-hour flow for flood 2 at control point 4 was

110,411 cfs (Appendix I, page 51). The degree of protection woulC be

30-41 years and the nondanaging channel capacity 237,01)( cfs.

Channel lodification

'lodification of the existing channel between control points 2, 3 ane

4 offers another way to reduce flood damages. This rieasure includes cross-

section enlargenent, straighteninq, and clearing and snagning. The objective

is to increase the channel carrying capacity to pass the same flot at a

lower stage, or alternately, to pass a greater flovs at the sane stage.

The hydrologic effects of channel modifications are similar to those caused

uy levees and floodwalls - increased nondanaging channel capacity, nodifieJ

stage-discharge relationship, and nodifielt routing criteria.
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Channel4Modificationt

Increased channel capacity is input into the sitmlation nodel using

the CP card. The change in the stage-discharge (Figure 9) relationship

caused by an enlarged channel cross-section must be conputed external

to the model then coitbined with the stage-damage relationship (Figure 3)

to produce modified disciiarge-damage data (Figure 11). These data for

the m.odified relationship are then input using a second set of JC cards

for corresponding values on the UQ cards. It was estimated that the

channel modification would change the ilusklnguni X from X = 1.1 to X a ,.1

and K from 6 hour to 5 hour for reaches 2 to a And 3 to . (A more accurate

estimate of routing effects could have been made by computing storage-

outflow curves for natural and modified conditions :jsinj back;iater tech-

niques, and then using the tiodifled-Puls channel roiting nethodi.) The

nondamaging channel capacity at control poi'nt 4 would be 65,nnn cfs.

Tnese changes are reflected on the RT and CP cards.

Results shown in Appendix I, page 70, indicate that expected annual

Jarages were reduced $271,640 due to channel riodification. Dananes renain-

ing amount to S425,1t;0 on an average annual basis. The maximur, flow at
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control point 4 for flood 2 was conputed as 91,201 cfs (Appendix I,

page 65). Deqree of protection is approximately 5 years for a nondataging

flow of 65,olo cfs.

Diversion

Frequently, where the topography is flat and relatively large areas

are available to store water temporarily, flow is diverted from the main

river around a potential damage center, to re-enter at some point down-

stream. This measure is illustrated in the sketch below. Flow is diverted

at control point 2, routed to control point 5 where it re-enters the main

channel. The obvious hydrologic effect is to reduce the peak discharge

at location 4 which results in a modified discharge-frequency curve at

control point 4 and a corresponding reduction in damages. The amount of

this reduction depends upon the amount of water diverted.

1 3

C
A 2

4

5Diversion .-- 5

To account for this measure it is necessary to input into the model

the locations where flow is being diverted and returned, the rate of

diversion and return flow, and the routing criteria by which the diversion
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flow is to be routed. In this example, the magnitude of the diversion

varied as a function of the streanflow as shown below:

Control Point 2

Streamflow 0 30,000 50,000 709000 90,000 110,000
Diversion 0 0 22,000 37,500 45,000 51,000

Streamflow 130,000 150,000 190,000
Diversion 55,000 58,500 62,500

These data were input usinq the QS and nQ cards at control point 2 (see

Appendix 1, page 72). It was also detemined that 901 of the flow ,would

return to the main channel at control point 5, and that the diversion

flow would Le routed between control point 2 and control point 5 using a

Muskingum X - .15, K - 24 hour and four subreaches. 3oth of these

criteria are input using the DR card at control point 2. The modified

discharge-frequency relationship at control point 4, is computed internally

by the model using the flood ratios selected earlier (Appendix I, page 83).

The degree of protection from this nodified curve is approximately 3 years

for a nondamaging flow of 3.,00 cfs.

Output fron the simulation indicates expected annual flood .amares

were reduced $278,370, and '417,059 in expecteJ damages still rn-ain

(Appendix I, page f4). The naxirpnri flow at control ,oint 4 is 53,771 cfs

durinq flood number 2 (Appendix I, page 79).

Flood Forecasting

Flood forecasting is intended to provide advance information about

rainfall and runoff conditions to assist in more efficient operation of
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a flood control system. Ifopefully, this advance information will help

to rinimize flood damages. The usual means of forecasting is with a

network of monitoring stations feeding rainfall-runoff data into a

central operations center. These raw data are used in analyses to

forecast future system conditions. The principal effect of such a

system is hydrologic - better data yields Letter system operation which

in turn reduces flooding at darmage centers.

1 3
C

A 2

2 4

F5
Forecasting

In the Fall giver "asin operation of the existing system (Reservoirs

A and C) assumes that flood discharges are knoun two ;-hoir periods in

advance with a I0,7' contingency allowance for local flows. To illustrate

the effect of a flood forecast system it is assumed that the discharqes

are knoi.n six periods or 3 hours in advance with a 15"' contingency factor.

This information is input to IV[C-5C by sinply changina the contingency

factor in field C and the forecasting period in field 3 of the J? card

(.Appendix I, page 36). Results of the system simulation indicate

expected annual dariages are reduced '22,S-50. Danages reaining are

3673,970l, Appendix I, page 98, and the magnitude of flood peak is modi-

fied for each period (Appendix I, pages 90-91). The degree of protection
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exceeds the protection provided by the existing system., Althouqh this

does not have to be so, but depends upon the magnitude of the change in

flow brought about by the forecasting.

Flood Proofing

Flood proofing has the effect of reducing damages below the upper limits
of the flood proofing materials. Thus, flood flows below this elevation can

be expected to cause liited or no damage; above this elevation expected

damages will remain essentially unchanged from conditions without flood

proofing. Since this measure is structure specific, the magnitude of the
damage reduction depends upon the degree of flood proofing provided specific

structures, and the aggregation of all structures. This change results in
a modified stage-damage relationship (Figure 11) which produces a modified

discharge-damage function (Figure 12) and danage-frequency curve. There
is no hydrologic effect of flood proofing unless alterations are made to

the flood plain which affect the cross-section of flood flow.

1 3

CA 2

%4
Flood .'
Proofing 5

To account for flood proofing in the nodel it is only necessary to

input the nodified discharge-damaqe data (Fioure 12). This can be done

4.)
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by using another set of DC cards. The first set is input to compute

expected annual damages under natural conditions. Input changes are

shot-in in Appendix I, page 1on.

Output from the simulation shows an expected annual damage reduction

of $233,140 with U63,630 remaining (Appendix I, page 112). The maximum

flow at control point 4 with flood number 2 is 92,493 cfs (Appendix 1,

page 11). The degree of protection with flood proofing is the same as

with the existing system, approximately 2 years, since the measure does

not affect the nondamaginq flow at control point 4.

Relocation

A direct way to reduce flood damages at control point 4 is to relocate

dariageable structures out of the flood plain. This relocation results in

rodifying the stage-damage relationship as shiown in Figure 13. This curve

represents the situation where structures near the river are relocated out

of the flood plain, but structures further away remain, thus the damages

are reduced by the value of only those structures removed. 4hen the

modified curve is combined with the stage-discharge curve (Figure 1) a

modified discharge-damage relationship results (Figure 14). The hydrologic

effect of relocation is generally small, but could be significant if najor

flow obstructions were removed, in which case the channel capacity and

routing criteria should be modified.
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1 3

'4
Relocation.,S ' \

The change in stage-damage data is input into the model by modifying

the discharge-damago function. This is accomplished by using a second set

of DC cards to reduce damages at lower stages. -Appendix I, page 10n, shows

the cards used. Note that the nondamaging flow is l3),Ojn) cfs.

Sinvlation results indicate expected annual danages are reduced by

4416,750, with S280,070 remaining (Appendix I, page 126). Since there is

no hydrologic effect the malnitude of the flow at control point 4 remains

unchanged from the existing system - 2,438 cfs. The degree of protection

is approximately 20 years.

Flood llarning

Flood warning allows action to he taken to protect or remove damage-

able property. Mihile flood forecasting is associated with gaining advance

information for better system operation, flood warnin7 is associated with

advance infomation for protecting property. The principle effect is

economic in that the stage-damage function is altered by lowering potential

damages when a warning is effective.
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C
A 2

At control point 4 in the Fall River basin it is assumed that a warning

system can he implenented and property protected or removed above flood

stage. The discharge-damage relationship is nodifier by assuming a 5'

reduction in Oanages at every flood staqg'. The new danane data is input

to IIEC-5C using a second set of DC cards.

The sinulation output shows a reduction in damaqes of 15,1qM. There

is rio reduction in flow at control point 4. The deqree of protection is

the sarle as for the existing system.

S-ystert Formulation and Assessment

Because of the simplicity of the Fall River system, it is difficult

to illustrate all the principles of system foraulation discussed in part I.

Table G suniarizes damage, cost and benefit information at control point 4

for each measure. The net benefits represent the net benefits in the first

added position. Using the first added strategy, relocation would be

selected as the measure contributina most (naximum net benefits) to

national econornic development and thus, using econo-mic criterion alone,

would be added to the existin9 system. To nove to the second stage using

this strategy it :oul4 bp necessary to rolify the stage-damage and discharge-

daage functions at control point 4 to reflect the annual 'e16,75,l reduction

in damage brought about by the relocation. The new system which includes

relocation would then be simulated, damanes remaining computed, and each

measure added one at a tine. This was not done in this example because

it was olvious that danage reduction from relocation was sufficiently
43
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large that none of the remaining measures in the 'first added' position

could produce positive net benefits. Thus, it was only necessary to con-

plete the first staqe computations to make a decision.

The 'last added' strategy is difficult to apply to the Fall River

example hecause all measures except the reservoir at control point 2 and

flood forecasting occur at control point 4. This requires that a conined

stage-da:mane and stage-discharge relationship be developed with all M-asures

and with each measure deleted. This is no small taks.

The economic performance of all measures is also summarized in Tale

6. The most effective neasure is a reservoir at control poitt 2. It is

most effective because it does the best job of reducing flood damages -

0436,270. Hloiever, it is highly inefficient from the economic standpoint.

A very large amount of capital is required to construct the reservoir and

as a result the net benefits are negative. Flood warning is the most

efficient measure, yielding the greatest dollar benefit per dollar invested -

3.23. Using economic criterion alone the neasure which would be added to

the existing system would be relocation, not because it is most effective

(danage reduction) or most efficient (/C), but because it adds the nost

to the national econonic development account - 131,[5O. Each assessilent

gives a sonewhat different perspective of perforrmance, and together help

to describe a measure's total performance in economic terms.

Table 7 presents a su-iary of t:e hydrologic perfornance of each

rasure in terms of its expected degree of protection. %. range of

44



protection is given becatase none of the flood ratios were controlled to

just thc nondajiaaqinq flow. As shown a levee or floodwall yields the

greatest protection for any single miasure.



TABLE 1

HYOROLOGIC IIWORMATION
Natural Condition

Control Point Inflows*- June 5-10 1952 STORM

Inflow Inflow Inflow Inflow Inflow
to C.P.1 C.P.1 to C.P.3 C.P.2,3 C.P.4

Date Time (cfs) to C.P.2 (cfs) to C.P.4 to C.P.5
(cfs) (cfs) (cfs)

5 Jun 2400 1,000 2,000 3,000 2,000 1,000
6 Jun 0600 2,000 3,000 6,000 4,000 2,000

1200 3,000 4,000 27,000 19,000 9,000
1800 18,000 6,000 60,000 13,000 6,000
2400 37,000 20,000 105,000 10,000 5,000

7 Jun 0600 42,000 57,000 78,000 7,000 3,000
1200 50,000 100,000 60,000 4,000 2,000
1800 27,000 90,000 45,000 1,000 500
2400 20,000 70,000 33,000 1,000 500

8 Jun 0600 13,000 50,000 24,000 4,000 2,000
1200 5,000 37,000 18,000 10,000 5,000
1800 4,000 24,000 12,000 25,000 12,000

2400 3,000 24,000 12,000 13,000 6,000
9 Jun 0600 2,000 15,000 9,000 7,000 4,000

1200 1,000 9,000 6,000 4,000 2,000
1800 1,000 3,000 3,000 2,000 1,000
2400 1,000 2,000 2,000 1,000 500

10 Jun 0600 1,000 1,500 1,000 500 200

*Average inflow for the period.

Control Point Hydraulics

C.P.1 C.P.2 C.P.3 C.P.4 C.P.5

Channel Capacity (cfs) 6,000 21,000 12,000 35,000 37,000

Routing Criteria All Reaches
Muskingum Routing

at 6 hours K 6 hours X .3

i1



TABLE 2

ECONOMIC INFORMATION
Control Point 4, Unregulated Conditions

Exceedence

Frequency Stage (ft) Di schare (cfs) Damages

.999 3.6 28,800 0

.900 4.0 35.000 0

.800 4.3 42,000 $ 180,000

.700 4.5 50,500 380,000

.600 5.5 60,500 500,)00

.500 5.8 73,000 630,000

.400 6.4 90,000 900,000

.300 7.2 114,000 1,250,000

.250 7.7 130,000 1,50n,000

.200 8.2 150,000 1,930,000

.150 8.9 180,000 2,660,000

.100 10.0 230,000 5,000,000

.050 11.8 323,000 9,900,000

.020 14.5 490,000 12,220,000

.010 16.6 640,000 13,350,000

.005 18.9 840,000 14,150,000

.002 20.2 1,000,000 14,600,000

NOTE: See Figures 1 through 5 for a graphic display of these data.
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TABLE 3

RESERVOIR INFORMITIOU - RESERVOIRS A AND C
Existing System

Reservoir Storage Storage (ac-ft)

Level A C

Top of Surcharge 4 200,000 1,000,000
Top of Flood Control 3 150,832 755,408
Top of Conservation 2 50,000 100,000
Top of Inactive Storage 1 0 0

Reservoir Outlet Capacity

Reservoir A Reservoir C

Outlet Outlet
Storage Capacity Storage Capacity
(ac-ft) (cfs) (ac-ft) (cfs)

50,000 6,000 100,000 12,000
70,000 7,000 200,000 18,000

100,000 8,000 400,000 30,000
150,832 100,000 700,000 80,000
200,000 200,000 800,000 150,000

1,000,000 500,000

Operating Cr1teria

- Two 6-hour periods of foresight on all inflows and local flows will
be used in the system operation for all reservoirs.

- Below the top of flood control pool, reservoir releases will be made
so as not to exceed the channel capacity at any downstream control
point for which the reservoir operates. As soon as it can be deter-
mined (using assumed forecasting capability) that the reservoir will
exceed the top of flood control pool, releases will be made equal to
the channel capacity at the dam site. Above the top of flood control,
releases will be made equal to inflow up to the maximum outlet capacity.

- The maximum rate of change of reservoir release is equal to the channel
capacity at the dam site.

- There are no minimum flow requirements.

- Each reservoir will be operated for CP 4 only.

- A 10% contingency allowance is nade for local flows for the 12-hour
forecast period.



TABLE 4

RESERVOIR INFORMATION - RESERVOIR B
Proposed Reservoir

Reservoir Storage

Storage (ac-ft)
Level

Top of Surcharge 4 1,000,000
Top of Flood Control 3 654,576
Top of Conservation 2 100,000
Top of Inactive Storage 1 0

Reservoir Outlet Capacity

Reservoir B
Outlet

Storage Capacity
(ac-ft) (cfs)

100,000 21,000
200,000 30,000
400,000 40,000
600,000 100,000
800,000 300,000

1,000,000 500,000

Operating Criteria

- Two 6-hour periods of foresight on all inflows and local flows will
be used in the system operation for all reservoirs.

- Below the top of flood control pool, reservoir releases will be made
so as not to exceed the channel capacity at any downstream control
point for which the reservoir operates. As soon as It can be deter-
mined (using assumed forecasting capability) that the reservoir will
exceed the top of flood control pool, releases will be made equal to
the channel capacity at the dam site. Above the top of flood control,
releases will be made equal to inflow up to the maximum outlet capacity.

- The maximum rate of change of reservoir release is equal to the channel
capacity at the dam site.

- There are no minimum flow requirements.

- Each reservoir will be operated for CP 4 only.

- A 10% contingency allowance is made for local flows for the 12-hour
forecast period.



TABLE 5

COST INFORMATION

Percentage Annual Total
O& Cost of Average Average Annual

Measure Capital Cost Capital Cost O&M Cost Cost*

Reservoir at CP 2 59,150,000 1.2 709,800 4,199,650

Levee or Floodwall 5,510,000 1.0 55,100 380,190

Channel Modification 3,420,000 2.0 68,400 270,180

Diversion 10,520,000 0.8 84,160 704,840

Flood Forecasting 120,000 1.6 1,920 9,000

Flood Proofing 3,480,000 0.7 24,360 229,680

Relocation 4,450,000 0.5 22,250 284,800

Flood Warning 100,000 5.0 5,000 10.900

*Discounted at 5-7/8%, 100 yr., capital recovery factor (L) = .059
p



TABLE 6

SUM4ARY OF SYSTEM ECONOMIC PERFORMANCE

Annual Damage Expected Annual
with Proposed Annual Damage Annual Net

Measure Measure Reduction Cost* Benefit* B/C

Existing System $696,820 - - -

Reservoirs A and C

Reservoir at CP 2 214,550 482,270 4,199,650 -3,717,380 0.11

Levee or Floodwall 255,82n 441,000 380,190 60,810 1.16

Channel Modification 425,180 271,640 270,180 1,460 1.01

Diversion 417,950 278,870 704,840 -425,970 0.40

Flood Forecasting 673,970 22,850 9,000 13,850 2.54

Flood Proofing 463,680 233,140 229,680 3,460 1.02

Relocation 280,070 416,750 284,800 131,950 1.46

Flood Warning 661,630 35,190 10,900 24,290 3.23

*Discounted at 5-7/8%, 100 yr., capital recovery factor A() = .059
p
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TABLE 7

SUMMARY OF SYSTEM HYDROLOGIC PERFORMANCE

Risk ofNondamagi ngFrequency Flood
Nondamging Approximate Being ExceededFlow at CP 4 Degree of Protection* in Next 10 YearsMeasure (cfs) (exceedence intervals- years) (percent chance)

Natural (Unregulated) 35,000 1 -

Existing System 35,000 2 > 99%Reservoirs A and C
Reservoir at CP 2 35,000 12 ' 56%
Levee or Floodwall 287,000 35 " 26%
Channel Modifications 65,000 5 ' 89%
Diversion 35,000 3 > 98%
Flood Forecasting 35,000 3 1 98%
Flood Proofing 35,000 2 > 99%
Relocation 180,000 20 - 40%
Flood Warning 35,000 2 • 99%

*Obtained from Interpolation between events with known frequencies (floodratios) using the modified frequency curve computed and plotted for each
measure.
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FOREWORD

The purpose of this appendix is to supplement the discussion on the

analysis of structural and nonstructural measures by providing selected

output from computer program HEC-5C. Detailed output from the program

would be too voluminous to reproduce here for the many flood control

measures being discussed, so only selected portions are included. The

selected portions include, (1) input data used for the simulation,

(2) hydrologic data at each control point for flood number 2, (3) a

summary of hydrologic data for each flood ratio, (4) expected annual

flood damage data at control point 4, (5) a discharge-frequency curve

plot for the input and modified conditions, and (6) summary of economic

costs and performance.
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